Although the phenomenon of coherent backscattering (CBS) in nonbiological media has generated substantial research interest, observing CBS in biological tissue has been extremely difficult. Here we show that the combination of low-spatial-coherence, broadband illumination, and low-temporal-coherence, spectrally resolved detection significantly facilitates CBS observation in biological tissue and other random media with long-transport mean-free path lengths, which have been previously beyond the reach of conventional CBS investigations. Furthermore, we demonstrate that depth-selective, speckle-free, low-coherent backscattering spectroscopy has the potential to diagnose the earliest, previously undetectable, precancerous alterations in the colon by means of probing short light paths.
Introduction
Coherent backscattering (CBS) is a multiple lightscattering phenomenon that gives rise to the enhanced backscattering of light by random media owing to the weak localization of photons. CBS originates from constructive interference of waves traveling time-reversed paths; i.e., the first and last points of a path coincide with the last and first points of its time-reversed path, respectively. For a plane wave illuminating an infinite random medium, every photon returned from the medium by means of multiple scattering in the backscattering direction has a time-reversed photon traveling along the same path in the opposite direction. Because of the time-reversal invariance of light, these photons have the same phase and therefore interfere constructively. This constructive interference occurs in the backscattering direction, whereas in directions sufficiently away from the backward direction, the constructive interference vanishes. The intensity at the peak of a CBS cone can be twice as high as the background incoherent intensity observed outside the CBS cone.
Recently, the CBS phenomenon has attracted significant attention and has been the object of intensive investigations. CBS has been observed in a variety of different systems, such as aqueous suspensions, [1] [2] [3] [4] solids, 5, 6 aggregated media, 7 cold atoms, 8 liquid crystal, 9 amplifying material, 10,11 solar system bodies, 12 and biological tissues. [13] [14] [15] In particular, CBS in biological tissue was pioneered by Alfano and colleagues 13, 14 using femtosecond-resolved measurements. Conventionally, the profile of a CBS peak is modeled using the diffusion approximation. This model predicts that, in semi-infinite homogenous random media, the CBS peak is mainly determined by the transport mean-free-path length, l s *, and has a full angular width at half-maximum (FWHM),
where is the wavelength of light. 2, 3 The CBS peak profile is further characterized by optical properties of a sample. van der Mark et al. 2 and Etemad et al. 6 showed that absorption and finite thickness remove long light paths, which make the top of the CBS peak round off. On the other hand, Wiersma et al. 10 and de Oliveira et al. 11 demonstrated that, in active media such as laser materials, which combine multiple scattering with stimulated emission, long paths are amplified and the shape of the CBS peak sharpens.
Vreeker et al. 16 and Yoo et al. 17 also demonstrated that the profiles of CBS peaks depend on the distribution of the path lengths of backscattered photons in the time domain using femtosecond-resolved measurements. The characteristics of a CBS peak also depend on the geometry of sample illumination and backscattered light collection. For example, Dogariu and Boreman 18 reported that, in a convergent incident-beam illumination, a CBS peak is narrowed and the CBS enhancement factor is reduced. Saulnier and Watson 19 and Ospeck and Fraden 20 showed that internal reflections at the surface of a sample affect the profile of a CBS peak. Moreover, Wax et al. 4 demonstrated that CBS measurements can be extended to the time-resolved phase-space distributions of the backscattered light, and for longer light paths the momentum distribution of the backscattered light narrows.
Although the phenomenon of CBS has been extensively studied in nonbiological media using coherent laser light sources, there have been only a few reports of CBS observation in biological tissue. [13] [14] [15] Conventional CBS measurements have several limitations for biological tissue applications:
(1) Observation of extremely narrow CBS peaks in biological tissue is experimentally challenging. Because the angular width of a CBS peak is inversely proportional to l s * (in biological tissue, l s * ϳ300-2000 m 21 ), the width of the CBS peak in tissue is very small, typically ϳ 0.001°. Experimental observation of these extremely narrow peaks is difficult and has only recently been achieved in pioneering experiments by Yodh and colleagues in nonbiological media. 9 For comparison, most CBS studies conducted to date involved colloidal solutions and random solids with l s * ϳ 10-100 m (i.e., CBS peak width ϳ0.03°-0.3°).
(2) CBS peaks are masked by speckle in solid samples. Ensemble averaging over hundreds or even thousands of independent measurements or mechanical rotation of a sample is necessary to uncover a CBS peak in the backscattering direction. 5, 15, 22 (3) Conventional CBS measurements have relied on coherent single-wavelength laser light sources, which do not allow spectrally resolved CBS measurements. Over the past decade, the plethora of data has been obtained by a number of investigators showing that spectroscopic measurements of tissue optical properties are exceedingly valuable for tissue characterization and diagnosis. [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] This is because the wavelength dependence of optical characteristics, such as the transport mean-free-path length, scattering and absorption coefficients, and intensity of backscattering, is highly sensitive to the internal structure and the biochemical composition of tissue. Thus spectrally resolved CBS measurements are highly desirable. Such measurements have not been achieved in previous CBS studies. (4) The conventional CBS measurements have been primarily used to measure l s * of bulk tissue, typically averaged over several cubic millimeters. 14, 15 Because most biological tissues have multilayered structure, depth-selective measurements are crucial. 25,29,31,34 -36 In general, depth-selective CBS measurements require an ultrafast time-resolved illumination and detection system 13, 14, 16 or an interferometry scheme. 4 Here we report a novel spectroscopic technique, low-coherent backscattering (LCBS) spectroscopy, which overcomes all of the major limitations that have prevented the widespread application of CBS in tissue optics. This was achieved by combining CBS measurement with low-spatial-coherence, broadband illumination and spectrally resolved, low-temporalcoherence detection. We show that LCBS significantly simplifies CBS observation in biological tissue and other media with long-transport mean-free-path lengths by dramatically broadening CBS peaks by as much as two orders of magnitude. We also show that LCBS enables depth-selective, speckle-free, and spectrally resolved CBS measurements. Furthermore, we investigate the characteristics and the advantages of LCBS using physical tissue models. Finally, we show that LCBS spectroscopy has the potential for early cancer diagnosis. Specifically, we report the results of our CBS studies in an animal model of colon carcinogenesis showing that LCBS spectroscopy enables diagnosis of the earliest, previously undetectable, stages of colon carcinogenesis, which precede the development of adenomas and any other histologically detectable lesions.
Theory

A. Relationship between Coherent-Backscattering Profile and Path-Length Distribution
The angular profile of a CBS peak I CBS ͑͒ reflects the distribution of time-reversed path lengths of light scattered within a random medium. The phase difference between any two time-reversed scattering paths must be sufficiently small in order for constructive interferences to occur. Thus in a CBS peak, longer light paths correspond to small scattering angles, while shorter light paths correspond to larger scattering angles. Quantitatively, the shape of a CBS peak I CBS ͑͒ can be expressed as an integral transform of the path-length distribution of the conjugated time-reversed light paths generating the peak. 3, 20 
where q Ќ is the projection of the wave vector onto the plane orthogonal to the backward direction and P͑r͒ is the probability of the radial intensity distribution of CBS photons with the radial vector r pointing from the first to the last points on a conjugated timereserved light path (r is perpendicular to the incident light). If a medium is isotropic, the two-dimensional Fourier integral in Eq. (2) becomes the Fourier transform of rP͑r͒:
with q Ќ ϭ 2͞. In an imaginary experiment, rP͑r͒ can be obtained by measuring the radial intensity distribution of the conjugated time-reversed paths around a pointlike light source illuminating a sample. From Eq. (2) and relation (3), it is evident that the CBS peak intensity I CBS ͑͒ is the Fourier transform of its radial intensity distribution rP͑r͒. As a result, the width of a CBS peak is inversely related to that of rP͑r͒. The shortest paths mainly give rise to the periphery of a CBS peak, and CBS intensity at these angles depends on short-traveling photons only. On the other hand, longer light paths give rise to smaller scattering angles (i.e., closer to the backscattering direction). For example, for a sample with a sufficiently small l s *, there are abundant short scattering paths, which generate CBS at large angles, thereby generating a broad CBS peak. On the other hand, if a sample has a large l s *͑l s * Ͼ Ͼ ͒, the most probable path lengths become long, forming a sharp and narrow CBS peak.
B. Effect of Low-Spatial-Coherence Illumination on Coherent Backscattering
In the CBS phenomenon, in order for constructive inferences to occur, the conjugated time-reversed waves must be spatially coherent over the distance between the first and last points of the lightscattering paths. Most previous CBS measurements have been conducted using coherent laser light sources with spatial coherence length Lc s Ͼ Ͼ l s *. Under such spatially coherent illumination, any conjugate time-reversed waves emerging out of the surface of the sample are capable of interfering with each other. In this case, rP͑r͒ has a wide distribution over r: typically rP͑r͒ extends up to several transport mean-free path lengths. In biological tissue for which l s * is more than three orders of magnitude greater than the wavelength of light, this results in an extremely narrow CBS peak.
Recently, we experimentally showed for the first time that, under low-spatial-coherence illumination (Lc s Ͻ l s *), CBS peaks are dramatically (Ͼ100 fold) broadened compared with the conventional CBS observed under spatially coherent illumination. 37 If light incident on a sample has a finite spatial coherence length, the conjugated time-reversed waves can interfere constructively with each other only if they are spatially coherent. 38 Therefore the first and last points of the multiple-scattered light paths must be within the coherence area. Low-spatial-coherence illumination rejects long paths, thus preventing long traveling waves from interfering with each other. Such incoherent waves have no correlations in phase and generate only the background intensity incoherently. In other words, spatial-coherence length limits r contributing to the CBS signal. Therefore lowspatial-coherence illumination allows only low-order scattering to give rise to the CBS peak, which is manifested as its anomalously broad and rounded shape.
As discussed below, low-spatial-coherence illumination offers several important advantages over conventional CBS measurements. Broad CBS peaks are much easier to observe in practice. Under lowspatial-coherence illumination, CBS is primarily generated by photons with short paths; therefore lowcoherent backscattering (LCBS) offers the possibility of controlling the depth of tissue probed using CBS photons. Moreover, low-spatial-coherence illumination substantially reduces speckle, which enables the observation of essentially speckle-free CBS peaks without the need for ensemble averaging over hundreds or thousands of independent measurements. Finally, LCBS can be generated using broadband cw light sources, such as xenon or tungsten lamps, which enable spectrally resolved CBS measurements.
Low-Coherent Backscattering Instrument
In order to overcome the limitations of conventional CBS measurement for tissue characterization, we developed a novel spectroscopic technique, lowcoherent-backscattering (LCBS) spectroscopy, by combining CBS measurements with low-spatialcoherence, broadband illumination, and spectrally resolved detection. Figure 1 shows the schematic of an LCBS instrument. A beam of broadband cw light from a 500-W xenon lamp (Oriel) was collimated using a 4-f lens system (divergence angle ϳ0.03°-0.10°), polarized, and delivered onto a sample at 15°angle of incidence to prevent the collection of the specular reflection. The instrument allowed varying spatial coherence length Lc s of the incident light from 110 to 180 m by means of aperture A1 positioned in the Fourier plane of the lens system L1-L2 in the lightdelivery arm of the instrument. The spatial coherence length was confirmed by the double-slit interference ( Fig. 1) . 39 The light backscattered by the sample was collected using a Fourier lens L3, a polarizer P2 (oriented along the polarization of the incident light), and an imaging spectrograph SP (SpectraPro-150, Acton Research). The spectrograph was positioned in the focal plane of the Fourier lens and coupled with a CCD camera (VersArray xp , Roper Scientific). As shown in Fig. 1(b) , the Fourier lens projected the angular distribution of the backscattered light onto the slit of the spectrograph. All scattered rays with an identical scattering angle and an azimuthal angle are focused into a point on the entrance slit (the azimuthal angle is defined by the polarization direction of the incident light and the entrance slit of the spectrograph). Then, the imaging spectrograph dispersed this light according to its wavelength in the direction perpendicular to the slit and projected it onto the CCD camera. Thus the CCD camera re-corded a matrix of light-scattering intensities as a function of wavelength and backscattering angle . In each CCD pixel, collected light was integrated within a certain narrow band of wavelengths around . The width of this band was determined by the width of the spectrograph slit. Because the temporal coherence of light Lc t is related to its spectral composition, finite-spectral band detection resulted in lowtemporal-coherence detection. Accordingly, Lc t was determined by the spectral resolution of the spectrograph such that Lc t ϭ ͓͑2 ln 2͔͒͞ 1͞2 ͑ 2 ͞⌬͒, where ⌬ is the FWHM of the detection bandpass. The instrument enabled us to vary Lc t from 25 to 35 m. In the experiments reported below, Lc t was fixed at 30 m (⌬ ϭ 9 nm). Typical data-acquisition time was 30 s. We also used a He-Ne laser (Melles Griot) to compare our measurements with the conventional CBS theory, which assumes coherent illumination. To compensate for the finite point-spread function of the detection system and the slight divergence of the incident beam, the profiles of the CBS peaks were deconvolved with the angular response of the instrument.
When the profile of a CBS peak at a single wavelength was investigated, the CBS peak was normalized as in previous CBS studies by the incoherent baseline scattering intensity measured at large backscattering angles ( Ͼ 4°) (consequently, the periphery of the CBS peak was normalized to one). On the other hand, when CBS is investigated at multiple wavelengths (i.e., spectroscopic CBS measurements) in a spatially inhomogeneous sample, the conventional normalization can be misleading because the incoherent baseline intensity is dependent on the optical properties of a sample, which varies with wavelength. In order to resolve this problem, the spectrally resolved CBS signals were normalized as I CBS ͑, ͒ ϭ ͓I͑, ͒ Ϫ I BASE ͑, ͔͒͞I REF ͑͒, where I BASE ͑, ͒ is the baseline (incoherent intensity) intensity and I REF ͑͒ is the reference intensity collected from a reflectance standard (Ocean Optics) (this normalization accounted for the nonuniform spectrum of the xenonlamp illumination and the spectral response of detection). The resulting CBS signal I CBS ͑, ͒ is henceforth referred to as the CBS intensity.
Advantages of Low-Coherent Backscattering
CBS peaks obtained using the LCBS instrument manifest several a priori surprising attributes, which help overcome the limitation of conventional CBS measurements in tissue and other random media with long-transport mean-free-path lengths. For instance, Fig. 2 shows the angular distribution of a CBS intensity I CBS ͑, ͒ collected from an ex vivo rat colon tissue under low-spatial-coherence illumination (Lc s ϭ 140 m, i.e., Lc s Ͻ Ͻ l s *). A CBS peak can be clearly identified. This figure illustrates some of the major advantages of LCBS owing to low-spatial-coherence, broadband illumination, and low-temporal-coherence spectrally resolved detection:
(1) One of the most dramatic features of such an LCBS peak is that it is extremely broad with w ϭ 0.3°, which is more than 100 times greater than the width of a conventional CBS peak expected under spatially coherent illumination according to Eq. (1) (ϳ0.001°). The origin of such anomalous broadening of LCBS is discussed in Subsection 2.B. CBS peak broadening significantly facilitates CBS observation in practice, thus overcoming one of the major impediments to widespread CBS studies in biological tissue.
(2) The design of the LCBS instrument enables simultaneous measurement of the spectral (400-700 nm) and scattering-angle (Ϫ7°to 7°from the backscattering direction) distributions of scattered light. Thus as shown in Fig. 2 , CBS profiles can be observed as a function of wavelength. Such spectroscopic CBS measurements have not been previously reported. LCBS spectroscopy has important advantages over previously reported single-wavelength measurements. Several spectroscopic techniques have been shown to be useful for tissue diagnosis including reflectance, light scattering, fluorescence, and other types of spectroscopy. [23] [24] [25] [26] [27] [28] , Accordingly, the analysis of CBS spectra may be used to provide additional information about the tissue and to serve as a novel contrast for tissue characterization and diagnosis. This claim is further supported by our studies reported in this manuscript, which show that LCBS spectroscopy has the potential to detect the earliest precancerous changes in the colon, far earlier than is currently possible using any histological, molecular, or genetic means.
(3) The LCBS peak is not obstructed by speckle. Speckle has been one of the limiting factors hampering CBS studies in biological tissue. 15 As shown in Fig. 2 , speckle is negligible compared with the CBS peak even in the case of a solid sample (i.e., absence of Brownian motion) such as biological tissue. For comparison, in conventional CBS measurements, in order to distinguish a CBS peak from the background of speckle requires averaging over hundreds or even thousands of independent measurements. Both lowspatial-coherence illumination and low-temporalcoherence detection result in speckle reduction. A single LCBS measurement averages over multiple independent coherence volumes, ϳ͑Lc s ͒ 2 Lc t ; each coherence volume generates an independent speckle pattern. The number of coherence volumes can be estimated as ϳ͑D͞Lc s ͒ 2 ϫ ͑L͞Lc t ͒ Ϸ 1000, where D is the size of illumination or collection area and L is the average path length.
(4) LCBS allows depth-selective assessment of tissue. Low-spatial-coherence illumination rejects long traveling paths and allows only low-order scattering to generate the CBS. This allows selectively probing superficial tissue. Because the superficial tissue layer (i.e., the epithelium), which can be as thin as 20-40 m, is the first affected in carcinogenesis, 40 probing superficial tissue is of great importance. In addition, hemoglobin (Hb) absorption in the blood vessels located underneath, but not within, the epithelium is a particularly notorious problem as it obscures the endogenous spectral signatures of epithelial cells. As discussed in the following section, this difficulty can be avoided using depth selectivity of LCBS.
Finally, we point out that the measurements of rP͑r͒ and I CBS ͑͒ provide analogous information. However, the direct measurement of rP͑r͒ is difficult to achieve in practice. Instead, as discussed in Subsection 2.A, rP͑r͒ can be obtained from I CBS ͑͒ by means of the Fourier transform. Thus CBS may help better understand and characterize light propagation in disordered media in subdiffusion regime.
Characterization of Low-Coherent Backscattering Using Physical Tissue Models
A. Anomalous Broadening of Low-Coherent Backscattering
We investigated the effect of low-spatial-coherence illumination on CBS using physical tissue models consisting of aqueous suspensions of polystyrene microspheres of various diameters from 300 to 890 nm (Duke Scientific). We studied CBS profiles by varying l s * from 200 to 1000 m (l s * was calculated using Mie theory 43 As shown in Fig. 3(a) , if Lc s Ͼ Ͼ l s * (regime A 1 ), the CBS peak obtained under low-spatial-coherence illumination is in excellent agreement with both a conventional CBS peak measured using coherent illumination (i.e., He-Ne laser) and the prediction of the diffusion-approximation-based CBS theory. 3 In this regime, because the spatial coherence length of illumination Lc s ϭ 160 m is 40-fold greater than l s * ϭ 4 m, light-scattering paths are not affected by a finite Lc s , and the CBS profile is mainly determined by l s *. Therefore as expected, for Lc s Ͼ Ͼ l s *, a finite coherence length has little effect on CBS, and CBS peaks generated under low-spatial-coherence illumination are virtually indistinguishable. However, as discussed below, this agreement does not hold for larger values of l s *.
In conventional CBS generated using coherent illumination, the inverse CBS peak width w Ϫ1 increases linearly with l s * [Eq. (1)]. However, as shown in Fig. 3(b) in the case of low-spatial-coherence illumination, the dependence of w Ϫ1 on l s * is remarkably different. We first investigated the inverse CBS width (curve 1 in Fig. 3) obtained from a tissue model consisting of aqueous suspension of 0.89-m polystyrene microspheres. The anisotropy factor (i.e., the average cosine of scattering angle) g ϭ 0.92 at 632 nm was calculated using Mie theory. 43 Three dif-ferent regimes can be identified. For l s * Ͻ Lc s (regime A 2 ), w Ϫ1 increases with l s * as expected. However, this conventional behavior of w Ϫ1 ͑l s *͒ breaks down when the spatial coherence length approaches the transport mean-free-path length and some of the longer paths leave the area of spatial coherence and therefore do not contribute to CBS. For l s * Ն Lc s (regime B), w Ϫ1 first decreases with l s *, i.e., the exact opposite of the trend predicted by the theory of coherent CBS, and then reaches a plateau independently of l s * for l s * Ͼ Ͼ Lc s (regime C). These results show that for l s * Ͼ Ͼ Lc s , the CBS peak width is no longer determined by l s *. Importantly, for low-spatial-coherence illumination (l s * Ͼ Ͼ Lc s ), the CBS peak is substantially broadened, which agrees with the CBS data measured from a tissue sample (Fig. 2) . For example, in Fig. 3 , the width of the LCBS peak for l s * ϳ1000 m is ϳ50 times broader than the width of a corresponding conventional CBS peak determined by Eq. (1).
We now turn our attention to curves 2 and 3 in Fig.   3 .
52) polystyrene microspheres, respectively. In both cases, for l s * Ͻ Lc s (regime A), w Ϫ1 increases with l s *, as expected. Furthermore, all three curves 1, 2, and 3 also converge in regime C (l s * Ͼ Ͼ Lc s ): in this regime Lc s primarily determines the width of the CBS peaks. However, in regime B, LCBS peak width is sensitive to g. In this regime, for a given coherence length of illumination, the width of the LCBS peaks depends not only on l s * but also on the anisotropy factor g. We note that in conventional CBS, the peak width depends only on l s * but not on g.
Although a comprehensive analytical theory of LCBS is yet to be developed, dependence of w Ϫ1 on l s * can be explained qualitatively. In regime A 1 , the short coherence length of illumination does not affect the radial distribution intensity rP͑r͒, because rP͑r͒ has a narrow spread compared with Lc s . Thus in this regime, w is determined by l s * [w ϰ ͞l s *, which is reflected by Eq. (1)]. On the other hand, in regime C, short spatial coherence length determines the size of the radial intensity distribution contributing to CBS. Thus as discussed in Subsection 2.B, 37 w ϰ ͞Lc s , w is determined by Lc s . Finally, regime B (l s * ϳ Lc s ) is a transitional regime, where comparable numbers of photons may emerge from the inside or the outside of the area of coherence. Therefore in this regime, w cannot be characterized by l s * alone, because of additional dependencies on the subtleties of light transport near the diffusion.
B. Depth Selectivity of Low-Coherent Backscattering
As discussed in the preceding section, LCBS peaks are dramatically broadened with their widths primarily determined by Lc s when Lc s Ͻ Ͻ l s *, which indicates that LCBS is primarily generated by shorttraveling photons (see Section 2). This in turn suggests the feasibility of selectively probing superficial tissue using LCBS. We investigated the depth selectivity of LCBS (Lc s ϭ 160 m) using two-layered tissue phantoms. The two-layered tissue phantoms consisted of a thin superficial layer and a base layer. The thin superficial layer was composed of a suspension of polystyrene microspheres and did not contain red blood cells (RBCs) to mimic avascular epithelium. The second (base) layer consisted of a suspension of polystyrene microspheres to mimic tissue scattering and RBCs to mimic light absorption in tissue. In the case where the superficial layer is sufficiently thin and a substantial portion of the photons that contribute to CBS propagate through the top layer and into the base, the CBS intensity spectrum must exhibit the characteristic hemoglobin (Hb) absorption bands around ϳ550 nm. On the other hand, if all CBS photons are localized within the top layer, the CBS intensity spectrum should not exhibit the Hb absorption bands. Thus the unique absorption fea- ture of Hb can be used to quantify the depth probed using LCBS spectroscopy. Figure 4 (a) illustrates the design of the twolayered tissue phantoms. The second (base) layer was prepared as a solid phantom consisting of a suspension of 0.43-m polystyrene microspheres and RBCs imbedded in an agarose gel (2 g of agarous per 100 ml of distilled water). The geometrical and optical thickness of the base layer was T B ϭ 6 mm and ϭ 92, respectively ( ϭ z͞l s , where z is the physical depth of a medium and l s * is the scattering length; light traveling through a medium with ϭ 1 undergoes, on average, one scattering). The optical properties of the base layer were comparable to those of biological tissue (l s ϭ 65 m, l s * ϭ 372 m, a ϭ 4.3 cm Ϫ1 at 575 nm). The thin superficial layer was composed of a suspension of polystyrene microspheres and did not contain RBCs, thus modeling avascular epithelium situated on top of a thick stroma. As shown in Table 1 , we used eight different superficial layers whose optical properties were varied by choosing different concentrations and sizes of the microspheres. Thus we tested eight different combinations of l s * equals 126Ϫ700 m and l s * equals 23Ϫ129 m (Table 1 ). For each set of optical parameters, the physical thickness of the superficial layer T s was varied from 0 to 160 m with a 9-m step.
Figure 4(b) shows representative CBS intensity spectra obtained from one of the tissue phantoms (superficial layer: l s ϭ 50 m and l s * ϭ 479 m). For T s ϭ 0 (no superficial layer), a CBS intensity spectrum shows the characteristic Hb absorption bands at ϳ 550 nm. In our experiment, we gradually increased the geometrical thickness of the superficial layer. As shown in Fig. 4(b) , as T s increases, Hb absorption decreases, thus indicating that more CBS photons are localized within the top Hb-free layer. Eventually, for a sufficiently thick T s , the Hb absorption bands vanish, and a CBS intensity spectrum is less affected by Hb absorption. When the thickness of the superficial layer T s is further increased to T s ϭ 44 m, the CBS spectrum does not exhibit any Hb absorption bands. At this point, the majority of CBS photons are localized within the top layer, and only a negligible portion of CBS photons may penetrate into the base layer. This result indicates that LCBS is generated by short path lengths, and therefore enables probing superficial tissue. This T s was defined as the "CBS penetration depth"; i.e., the minimal thickness of the superficial layer for which the CBS intensity is primarily generated by photons traveling within the top layer, and the contribution from the photons propagating into the second layer is negligible.
The CBS penetration depth was quantified by calculating the portion of the CBS intensity absorbed by Hb in the second layer. Because relatively low-order scattering events are dominant in LCBS, instead of diffusion approximation, which is commonly used to calculate the concentration of absorbers in diffuse scatterings, we used a semi-empirical formulation following Mourant et al. 44 First, we recorded CBS intensity spectra for various T s . These CBS intensity spectra were obtained in the backscattering direction ϭ 0°. This ensured that these CBS intensity spectra were generated by the longest possible path length. Second, a linear fit was obtained between the intensities at 510 nm and 625 nm by linear regression. This "linearized intensity" provided an approximate estimation of the portion of the spectrum caused by scattering in the absence of absorption. The original CBS intensity spectrum was subtracted from the linearized intensity from 510 to 625 nm. Third, a negative natural logarithm was taken over the subtracted CBS intensity spectrum (a higher Hb concentration results in a higher peak in the spectrum obtained after step 2) and the total area under this spectrum was calculated. This "absorption area" was used to quantify CBS intensity absorbed by Hb in the second layer. Next, the CBS penetration depth was defined as T s , for which the "absorption area" in the CBS spectrum was less than 3% of the "absorption area" for T s ϭ 0 (i.e., the base layer only). We found that the average CBS penetration depth for l s * ranging from 126 to 700 m was 53 Ϯ 13 m. The result provides direct evidence that under lowspatial-coherence illumination, CBS is generated by very short traveling photons and enables probing of superficial tissue.
The angular profile of a CBS peak reflects the radial distribution of the time-reversed light paths within a sample. Because of the Fourier-transform relationship between the angular distribution of a CBS peak and rP͑r͒, the periphery of a CBS peak is primarily generated by short paths, whereas the center ( → 0°) is mainly due to longer paths. 2, 10 This property of CBS can be used to sample various depths using a single CBS measurement. Figure 5 demonstrates that different path lengths can be selected by probing the CBS intensity at different scattering angles. Figure 5 (a) shows a typical CBS intensity spectrum obtained from one of the two-layered tissue phantoms (superficial layer: l s ϭ 50 m, l s * ϭ 126 m, ϭ 0.7, T s ϭ 35 m) as a function of both angle and wavelength, I CBS ͑, ͒. The spectrum of the top of the CBS intensity at ϭ 0°shows the Hb absorption bands at around 550 nm [ Fig. 5(b) , curve A]. This indicates that the photons contributing to the CBS intensity at this angle do reach the second layer. For comparison, in CBS intensity spectra measured at larger angles (i.e., away from the backscattering direction and toward the periphery of the CBS intensity), the Hb absorption features gradually disappear [ Fig. 5(b) , curves B and C]. For example, the CBS intensity spectrum at ϭ 0.26°(curve B) does not show any Hb absorption, indicating that the photons' paths contributing at this angle are localized within the superficial layer. This experiment further demonstrates that CBS spectroscopy enables probing of various tissue depths selectively by sampling CBS spectra at different angles.
In the conclusion of this section, we point out that LCBS offers several substantial advantages over conventional CBS measurements and lifts the major impediments that have thus far prevented the widespread use of CBS in tissue optics. This promise is further substantiated by the results of our animal studies reported in the following section.
Detection of Preneoplastic Alterations in Early Colon Carcinogenesis
Light scattering in biological tissue has been of great interest for tissue characterization and diagnosis. Results obtained by a number of investigators have proven that light scattering can provide diagnostically valuable information about tissue structure and composition. 23-28, The most superficial tissue layer (i.e., the epithelium) is the origin of nearly 90% of human cancers and the epithelial cells are the first affected in carcinogenesis. 40 Thus obtaining diagnostic information from most superficial tissue is crucial to the early diagnosis of epithelial precancerous lesions. Differentiation between photons whose paths are limited to a superficial tissue layer and those traveling longer paths extending deep into the tissue requires specialized techniques, because the dominant portion of the light returned from the tissue is scattered multiple times from depths up to several l s *. Time-gating techniques use early-arriving photons to eliminate long-traveling photons. 45, 46 Polarization gating has been successfully used to distinguish between single and multiple scattering based on the depolarizing effect of multiple scattering. 25, 26, 31, 34, 42 The spectral analysis of the polarized component was further used to obtain quantitative information about the morphology of superficial epithelial cells [25] [26] [27] 31, 33 and to achieve imaging of superficial tissue. 29, 34, 42 Here we introduce LCBS spectroscopy as a new technique for depth-selective tissue diagnosis and show that this technique can be used to identify preneoplastic changes in the initial stages of carcinogenesis, far earlier than is currently possible using any histological, molecular, or genetic means.
A. Carcinogen-Treated Animal Model
Animal models are extremely valuable in understanding pathophysiologic mechanisms and are widely used for the development of novel diagnostic biomarkers and treatment strategies. Animal models are particularly useful for studying the early stages of carcinogenesis. Therefore we conducted animal studies with carcinogen-treated rats to test the potential of LCBS spectroscopy for the diagnosis of early precancerous changes in the colon. We used Fisher rats treated with the distal colon-specific carcinogen, azoxymethane (AOM). The AOM-treated rat animal model is one of the best-validated animal models of colon carcinogenesis. In the past decade, it has become the most widely used animal model for studying colon carcinogenesis and developing diagnostic biomarkers and chemopreventive agents. 47, 48 Several ongoing nutritional and chemopreventive trials in human colon cancer are based on the results generated using the AOM-treated rat model. Moreover, the AOM-treated rat model is the most robust animal model of colon carcinogenesis because of the strong similarities in the morphological, genetic, and epigenetic alterations with human colon carcinogenesis. Importantly, AOM is not known to have any side effects that are not directly related to colon carcinogenesis. This is further substantiated by the fact that a number of diagnostic markers and chemopreventive agents first validated in this model have been later confirmed in humans.
In AOM-treated rats, colon carcinogenesis progresses through the same steps as in humans. For example, the earliest detectable marker of colon carcinogenesis, aberrant crypt foci, are precursor lesions which are observed on the colonic mucosal surface in both the AOM-treated rat model and in humans. 49 In AOM-treated rats, aberrant crypt foci develop in ϳ8-12 weeks after the AOM injection, adenomas are observed in 20 -30 weeks, and carcinomas develop after 40 weeks. As in human colon carcinogenesis, end-stage lesions (e.g., tumors, Ͼ40 weeks after AOM injection) may be symptomatic. Earlier lesions (e.g., adenomas, Ͼ20 weeks post AOM treatment) do not lead to symptoms but may be detected histologically by means of microscopic examination of biopsy. The science of molecular biology may push the frontiers of cancer detection even earlier: Aberrant crypt foci can be detected as early as ϳ8 weeks after AOM treatment. However, no histological, molecular or genetic markers have so far been discovered to allow diagnosis earlier than 4 -12 weeks after the initiation of carcinogenesis. Currently, this earliest stage of colon carcinogenesis still remains beyond the horizon of our understanding of the disease pathophysiology. As discussed below, we showed that LCBS signatures change profoundly and can be used as accurate biomarkers of colonic preneoplasia as early as 2 weeks after AOM injection.
All animal studies were performed in accordance with the institutional animal care and use committee of Evanston-Northwestern Healthcare. Twenty-four male Fisher 344 rats (150-200 g) (St Charles) were randomized equally to groups that received either two weekly intraperitioneal injections of AOM (15 mg ͞kg) or saline. Rats were fed standard chow and were sacrificed at various time points after the second injection. Colons were removed, flushed with phosphate buffered saline, and immediately exposed to CBS analysis to ensure that optical measurements were performed on fresh tissue.
B. Low-Coherent Backscattering Spectroscopy for Detection of Preneoplasia in the Colon
Colon carcinogenesis results from a series of pathologic changes that transform normal colonic epithelium into invasive carcinoma. LCBS spectroscopy can be an ideal tool for probing the most superficial tissue layer, epithelium, which in the colon can be as thin as 20-40 m. Such selective targeting of the epithelium may provide better accuracy in the diagnosis of epithelial precancers than probing of large volumes of tissue including both the epithelial and stromal layers. In addition, capillary networks or blood vessels immediately beneath the epithelial layers are known as a barrier to obtain endogenous spectroscopic scattering information because of strong absorption of Hb in RBCs. This is illustrated in the inset figure in Fig.  6 , which shows that the diffuse intensity spectrum in the colon reflects the Hb absorption bands, marked by an arrow. For comparison, Fig. 6 shows the CBS intensity spectrum I CBS ͑͒ obtained from the same tissue site (Lc s ϭ 140 m; the CBS intensity was integrated over scattering angle within the CBS peak). As expected, the CBS intensity spectrum does not show Hb absorption because the CBS signal is generated only by the short path lengths that mostly originate within the epithelium.
Generally, I CBS ͑͒ is a declining function of wavelength and its steepness is related to the relative portion of structures of different sizes. Typically, larger structures tend to reduce the steepness of the decline of I CBS ͑͒, whereas smaller scatterers tend to increase the steepness of this decline. To reduce the amount of data and to characterize the spectral variations of I CBS ͑͒ with a single parameter, we obtained linear fits to I CBS ͑͒ using linear regression analysis from 530-640 nm. The absolute value of the linear coefficient of the fit (in all measurements the linear coefficient is negative owing to the decrease of I CBS ͑͒ with wavelength) is referred to as the "CBS spectral slope" and quantifies the dependence of the CBS intensity on wavelength. Figure 7 shows the CBS spectral slope obtained from distal colon tissue sites of control and AOMtreated animals at 2, 4, and 6 weeks after the carcinogen treatment, respectively. In the distal colon of the AOM treated rats, the CBS spectral slope dramatically decreased as early as 2 weeks after the carcinogen treatment (P value ϭ 0.005) and continued to decrease over the course of the experiment (analysis of variance P value ϭ 3 ϫ 10
Ϫ24
). Such progressive and highly statistically significant alterations of the CBS spectral slope demonstrate that this parameter can be used as a marker for early precancerous transformations and that its change is not due to an acute reaction of AOM or an unidentified nonspecific side effect of the drug. This is further supported by the fact that AOM is removed from the body within one week after its injection, and, other than colon carcinogenesis, no side effects of AOM have been found up to date despite intensive utilization of this model. However, we note that animal studies cannot replace human clinical trials since no animal model can completely replicate the pathophysiology of a disease in all its aspects. Human clinical studies are currently under investigation in our research group.
LCBS signatures should not be considered as a substitution for current morphological or molecular tissue analysis. Instead, LCBS signatures can be used to provide previously unattainable information and to develop novel markers to characterize preinvasive cells. Conventional histology does not allow imaging of living cells and requires using contrast agents. On the contrary, LCBS signatures can provide information about the organization of living cells, which is not affected by artifacts, such as fixation or staining. This may result in the identification of previously undiscovered signatures of preinvasive cells. Microscopic analysis of cell morphology frequently concentrates on the visualization of specific structures, i.e., organelles, in particular cells. LCBS analysis does not attempt to visualize these structures but provides statistical information about the structure of either individual cells or that of the population of as many as tens of thousands of cells. The analysis of this new information can result in the development of new signatures characterizing the statistical properties of individual preinvasive cells or groups of cells.
We point out that the light-scattering changes revealed by CBS spectroscopy as early as 2 weeks after the initiation of carcinogenesis precede any other currently known biomarkers of early neoplasia, including histologic, molecular, and genetic markers. 49 These early changes in the CBS spectra also indicate that the precancerous epithelial cells develop distinct optical properties very early in carcinogenesis. This can be exploited to identify previously undetectable precancerous lesions far earlier than is currently possible. The implications of such a capability may extend beyond early cancer diagnosis and may lead to a better understanding of the biological events in early carcinogenesis.
Conclusion
We report a new phenomenon, LCBS, and introduce CBS spectroscopy as a new tool for probing the structure of random media. Specifically, we developed a novel LCBS spectroscopy instrument for tissue diagnosis. The combination of low-spatialcoherence, broadband illumination, and lowtemporal-coherence, spectrally resolved detection lifts all major impediments that have thus far prevented the widespread application of CBS in tissue optics. We show that low-coherence effects permit CBS measurements in biological tissue and other Fig. 6 . LCBS spectroscopy of rat colon tissues for detection of early precancer. The CBS intensity spectra were measured from the colonic tissues of the control and AOM-treated rats. The diffuse reflectance spectrum (the inset figure) was measured from the same tissue site on the colon of an AOM-treated rat. The diffuse intensity spectrum shows strong Hb absorption bands that obscure the endogenous spectral signatures of the epithelial layers. For comparison, the LCBS intensity spectrum does not suffer from this problem because CBS-photons are localized within superficial tissue. Moreover, the CBS intensity spectra obtained from control and precancerous tissues are clearly different. Fig. 7 . Changes in the CBS spectral slope obtained from precancerous colonic tissue 2, 4, and 6 weeks after the initiation of colon carcinogenesis compared with the control values (saline-treated rats). The change in the CBS spectral slope follows the temporal progression of carcinogenesis (analysis of variance P value of 3 ϫ 10 Ϫ24 ).
media with long-transport mean-free-path lengths. In particular, low-spatial-coherence illumination results in an anomalous broadening of a CBS peak, thus rendering the peak easily detectable. (Observation of conventional ultrasharp CBS peaks in tissue has been extremely difficult.) Moreover, the combination of low-spatial-coherence illumination and low-temporal-coherence detection dramatically suppresses speckle and thus enables observation of CBS without being obscured by speckle. Furthermore, LCBS allows depth-selective assessment of tissue. The depth resolution can be achieved by two complementary means. The penetration depth can be controlled by varying the spatial-coherence length of illumination or by sampling CBS signals at different angles within a single CBS peak. This presents an easy and inexpensive means to selectively probe living biological tissues and other random media at desired depths. Broadband illumination and spectrally resolved detection enable the measurement of CBS spectra, which previously could not be achieved using coherent laser light sources. Finally, we introduce LCBS spectroscopy as a new spectroscopic technique for probing tissue structure, and we show that it may enable the diagnosis of the earliest precancerous changes in living tissue, far earlier than is currently possible using histologic, molecular, or genetic tests. Therefore LCBS spectroscopy may find potential applications in tissue diagnosis among other currently used optical spectroscopic techniques such as diffusereflectance spectroscopy, light-scattering spectroscopy, fluorescence spectroscopy, and spectroscopic opticalcoherence tomography.
